I suggest that the great body of knowledge gained over the past 10 years about simple spin-1/2 quantum quantum antiferromagnets points to a connection between cuprate superconductivity and the strong interactions. The underlying physical idea, which I admit to be highly speculative, is that the phase diagram of such a magnet consists of competing ordered phases regulated by a nearby quantum critical point. Exactly at this critical point the low-lying elementary excitations of the magnet are gauge fields and particles with fractional quantum numbers analogous to the spinon and holon excitations found in spin chains. An arbitrarily small distance away, however, these bind at low energy scales to make the familiar collective modes of the ordered states into which one renormalizes. Vestiges of these "parts" of the collective modes may be seen in conventional materials and models in high-energy spectroscopy and inconsistencies in sum rules exactly the way quarks are seen in particle physics.
The premise of this article is illustrated in Fig. 1 . I wish to argue that there are physically identifiable objects in simple Heisenberg antiferromagnets which behave like U(1) quarks and could conceivably be apt analogues of them. These are not the elementary excitations of the system in most cases but rather objects out of which the elementary excitations are built. It is my current belief that the quark-like objects and the gauge fields through which they interact are the true elementary excitations at some nearby quantum critical point, but I shall mostly sidestep this issue and concentrate on the physical meaningfulness of the particles in the commonly-studied cases.
The antiferromagnets in question are described by the t-J Hamiltonian plotted in Fig. 2 . These are also implicit in the U(1) gauge theory descriptions of the t-J model based on the commensurate flux saddle point 3, 4 . I wish now to establish that these particles have physical meaning at intermediate energy scales even when the system is allowed to order, giving rise to forces that bind them at low energy scales into the well-known excitations of the ordered phases.
In Fig. 3 I show the optical conductivity computed by Dagotto and Moreo 5 for a single hole in a 4 × 4 cluster, which is representative of such calculations. Here |α > indicates an exact eigenstate of energy E α and j x is the electric current operator
where k denotes the near neighbor of j in the x-direction. This calculation provides evidence for the existence of the holon and measures the size of its mass. The f -sum rule
is plotted versus doping in the lower part of the figure, as is its "Drude" contribution. The width and shape of the later cannot be computed accurately but its integrated area can. Both sum rules are straight lines at low doping, the slope of which does not depend on J. This is the behavior of a doped semiconductor. From the usual expression
we find a mass of
where b is the bond length. This compares favorably with the 1/ √ 2 in these same units obtained from the curvature of Eq. (5) near its minimum and the 0.54 obtained in 1-d from the Bethe solution. The fact that the "Drude" weight is always about half the total indicates that this particle is the carrier. The full sum rule
also agrees with Eq. (5) in equaling the − √ 8t per hole associated with the holon band minimum. This number has no connection to the mass in general, and is thus an additional constraint on the band structure.
Further evidence for the existence of the holon may be found in the electron propagator in the limit of small J/t. Following the notation of Eq. (7), we define the electron propagator by
where
In Fig. 4 I show the imaginary part of this function at half-filling calculated by the exact diagonalization method for J/t = 0.0 and 0.2 by Dagotto 6 . In either case the spectrum is a broad continuum about 6t wide with a pronounced dip in the center and a weight that moves from low to high energy as the momentum is advanced from Γ to M . In the J → 0 limit the broad continuum may be ascribed to the decay of the injected hole into spinon-holon pair in the limit that the spinon is very heavy, for then the spectrum should be the holon density of states
weighted by a decay matrix element. The density of states computed from Eq. (16) at half-filling, where 1 and 2 denote near-neighbor sites. The J/t = 0.2 curves also have a peak at low binding energy which is the quasiparticle of the magnetic insulator. In Fig. 5 I show the dispersion relation of this quasiparticle found numerically by a number of authors 7 . It has a deep minimum at Σ and an overall bandwidth W, the difference between the maximum and minimum of the dispersion relation, that does not depend on t. This width, measured in multiples of t, is plotted against J/t in Fig. 5 8 . From the slope of the line one obtains
or 1.6 √ 2J, which is the spinon bandwidth given by Eq. (4). The prefactor 1.6 in Eq. (4) has the physical significance of a magnetic stiffness. It causes the spinon velocity at Σ to be the spin-wave velocity of the ordered antiferromagnet
The quasiparticle peak is accompanied by scattering resonances. These cannot be seen in Fig. 4 because the sample is too small, but they may be seen clearly in Fig. 6 , which is the spectral function at Σ for J/t = 0.2, calculated using spin wave perturbation theory 
These energies are exactly the spectrum expected a light particle in orbit about a heavy one, provided the attractive force between the two is a string, i.e. V (r) ∼ |r|. More precisely, the Hamiltonian
where m is the mass derived by the conductivity sum rule and given explicitly by Eq. (10), has energy eigenvalues given by Eq. (19) except for substitution (2.63, 5.54, 7.81) → (2.03, 5.46, 7.81). These facts have the following physical interpretation. The quasiparticle is a bound state of a spinon and the holon analogous to the hydrogen atom. Its band structure tracks that of the spinon because the spinon is "heavier" than the holon in the sense of having a narrower band. The optical sum rule, by contrast, is sensitive to the light particle, and thus measures the holon properties. The same thing is true in hydrogen, where the acceleration mass is dominated by the proton but the optical properties are dominated by the electron. The potential binding these particles together is a string at low doping, which means that they can never separate and do not exist as separate is both the Goldstone of the broken symmetry and a bound pair of spinons, may be associated with the pion.
The correct appearance of a string force in the antiferromagnetically ordered phase suggests that the unbinding of the quasiparticle seen in Fig. 3 might indicate a first-order transition to a superconducting phase corresponding to the coulombic phase of the gauge theory. The magnetic order is known to disappear at about δ = 0.05, which is consistent with deconfinement by δ = 1/16. However it is only a suggestion, for the above Lagrangian is less accurate and more difficult to solve than the spin Hamiltonian from which it was derived, and all the major ordering questions for the former are still unresolved. It should be viewed not as a computational tool but as means for understanding how the physics of the strong interactions might materialize in a quantum antiferromagnet without being postulated.
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